INTRODUCTION {#SEC1}
============

Long intergenic non-coding RNAs (lincRNAs) are an abundant class of endogenous RNA molecules that are transcribed from intergenic regions of the genome. Although originally defined as non-coding RNAs, accumulating evidence has revealed that lincRNAs play important roles in many cellular processes ([@B1]--[@B3]). The aberrant expression of lincRNAs has been associated with a wide variety of human diseases such as cancer, aging and ocular disorders ([@B4]--[@B6]), making them attractive candidates for biomarkers and therapeutic targets.

Notably, despite receiving remarkable attention in recent years, the biological roles of the majority of lincRNAs remain largely unknown. Due to the diverse functions and molecular mechanisms, lincRNAs are far more complex than initially thought. Previous studies have suggested they may act as signals, decoys, guides and scaffolds to regulate the expression of either neighbouring genes in cis or distant genes in trans ([@B7]). In recent years, advances in genomic technologies have made comprehensive understanding of lincRNA functions feasible ([@B8]). It is now possible, for example, to directly identify genomic localization of lincRNAs using chromatin isolation by RNA purification (ChIRP), to dissect biochemical partners using capture hybridization analysis of RNA targets (Chart) and to investigate biological functions using clustered regularly interspaced short palindromic repeat (CRISPR) ([@B9]--[@B11]).

Recently developed ribosome profiling allows us to globally monitor translation of transcripts by measuring RNAs associated with 80S ribosomes in cells ([@B12],[@B13]). Many studies using ribosome profiling have shown apparent ribosome occupancy inside and outside of protein-coding regions, including lincRNA regions ([@B14]--[@B17]). Although the density of ribosomes in lincRNA regions is lower than that of protein-coding regions, several previous studies have suggested that many lincRNAs may undergo active translation and this translation closely resembles that observed at the 5΄ leaders of protein-coding genes ([@B14]--[@B15],[@B17]). Beyond these, more recently, emerging evidence has shown the existence of short peptides encoded by small open reading frames (sORFs) on lincRNAs ([@B18]--[@B20]), revealing that lincRNAs could be an important source of new peptides ([@B16]) and even orchestrate biological processes through encoded micro-peptides ([@B21],[@B22]). These findings add a new layer of complexity in understanding the functions of lincRNAs. Nevertheless, ribosome profiling also provides a valuable way to characterize functions of translation in lincRNAs that cannot be revealed by RNA-sequencing (RNA-seq). The question then arises: how widespread the translation of lincRNAs may be and whether such translation is likely to be functional. Furthermore, as the application of ribosome profiling continues increasing, a large amount of data has been generated ([@B23],[@B24]), affording a unique opportunity to appreciate translation implications of lincRNAs for different cell types. Given the cell-type specificity of lincRNAs observed at the transcriptional level ([@B25]--[@B29]), it is anticipated that they also display cell-type specificity at the translational level. Therefore, a comprehensive characterization of lincRNAs with and without ribosome occupancy across different cell types may facilitate better understanding of complex functions of lincRNAs.

In this study, we systematically characterized lincRNAs with ribosome occupancy for eight human cell lines. The integrative analysis of data collected from ribosome profiling and RNA-seq showed that the majority of well-transcribed lincRNAs did not show ribosome occupancy. In total 1332 (28%) out of 4709 well-transcribed lincRNAs showed ribosome occupancy in at least one cell line, where only 19 (1.42%) were evidenced by all the eight cell lines. We systematically characterized the expression, structural, sequence, evolutionary and functional features of lincRNAs with ribosome occupancy (ribo-lincRNAs) and compared them with lincRNAs without ribosome occupancy (nonribo-lincRNAs), as well as protein-coding genes. We found that ribo-lincRNAs have remarkably distinctive properties compared with nonribo-lincRNAs or protein coding genes, indicating that translation has important biological implication in categorizing and annotating lincRNAs. Further analysis revealed that lincRNAs exhibit a high degree of cell-type specificity with differential translational repertoires. Moreover, functional analysis revealed substantial discordance in potential functionality between lincRNAs with and without ribosome occupancy. Collectively, Our analysis provide the first attempt to characterize global and cell-type specific properties of translation of lincRNAs, highlighting that translation of lincRNAs has clear molecular, evolutionary and functional implications with remarkable cell-type specificity.

MATERIALS AND METHODS {#SEC2}
=====================

Data processing {#SEC2-1}
---------------

The original ribosome profiling and RNA-seq data were downloaded from the sequence read archive (SRA) ([@B30]) as described in detail in Table [1](#tbl1){ref-type="table"}. For all the ribosome profiling and RNA-seq data, the adapters were clipped by Cutadapt (v1.8.1). Low-quality read ends with quality score of \<20 were trimmed and reads with length of \<20 were discarded by Sickle (v1.33). The trimmed ribosome profiling reads mapped to the human rRNA and tRNA reference were further removed. The remaining reads were then aligned to the human genome (GENCODE v23) using Tophat2 (v2.0.11). Gene expression levels were estimated using fragments per kilobase of transcript per million fragments mapped (FPKM) by Cufflinks (v2.1.1).

###### Summary of RNA-Seq and ribosome profiling data used in the study

  Cell-type   Description                                  Treatment   Accession   Reference
  ----------- -------------------------------------------- ----------- ----------- -----------
  BJ          human BJ fibroblast cell line                CHX         SRA093551   ([@B71])
  HEK293T     human embryonic kidney 293T cell line        CHX         SRA237056   ([@B72])
  HeLa        human cervical cancer cell line              CHX         SRA099816   ([@B73])
  hES         human embryonic stem cell line               CHX         SRA189363   ([@B74])
  LCL         Human lymphoblastoid cell line               CHX         SRA198298   ([@B75])
  PC3         human prostate cancer cell line              CHX         SRA049772   ([@B76])
  RPE         human retinal pigment epithelial cell line   CHX         SRA259601   ([@B77])
  U2OS        human osteosarcoma cell line                 CHX         SRA246366   ([@B78])

CHX: Cycloheximide.

Identifying transcribed lincRNAs {#SEC2-2}
--------------------------------

LincRNAs with expression level higher than certain threshold were considered to be well-transcribed. To determine the threshold, a half-Gaussian distribution of log2(FPKM) values for each RNA-seq data was fitted by kernel density estimation using *kde* function in R. The half-Gaussian was then mirrored to a full Gaussian distribution. Three standard deviation below the mean of the distribution was defined as the minimum value of the expression, described by Hart *et al.* ([@B31]). To obtain a reliable list of transcribed lincRNAs for each cell line, only those above the threshold in replicated experiments were considered for further analysis.

Localization analysis {#SEC2-3}
---------------------

Nuclear and cytoplasmic RNA-seq data for the human cervical cancer cell line (HeLa) and Human lymphoblastoid cell line (LCL) were obtained from the ENCODE ([@B29]). The raw data were pre-processed with the same procedures as above. Nuclear-cytoplasmic FPKM ratios were then calculated for each lincRNA. Based on the nuclear-cytoplasmic ratio, lincRNAs with well-transcribed both in nuclear and cytoplasmic fractions were further divided into nuclear (with ratio \>2) and cytoplasmic lincRNAs (with ratio \<0.5).

Calculating RNA folding free-energy {#SEC2-4}
-----------------------------------

The free-energy of secondary structure formation for a given RNA sequence was calculated by RNAfold (v1.8.5), which uses the nearest-neighbor thermodynamic model to predict the minimum free-energy of RNA sequences ([@B32]).

Conservation analysis {#SEC2-5}
---------------------

PhyloP base-wise conservation score based on Multiz alignments of 100 vertebrate species was retrieved from the UCSC Genome Browser ([@B33]). The fractional base-wise conservation metric, measured by the fraction of significantly conserved bases (phyloP, *P* \< 0.01), was used to nominate evolutionary conservation of each lincRNA transcript.

PolyA feature analysis {#SEC2-6}
----------------------

The polyA site and polyA signal manually annotated by HAVANA were obtained from GENCODE (v23). Only those lincRNAs with sequence elements of polyadenylation including the polyA site and polyA signal were considered to have polyA feature.

Transposable element analysis {#SEC2-7}
-----------------------------

Transposable elements (TEs) in the human genome sequences were detected by RepeatMasker (v4.0.6) with default parameters, '-species human' flag and the RepeatMasker libraries version 20150807 (<http://www.girinst.org/server/RepBase/>). The fraction of repetitive elements in each lincRNA was determined based on the RepeatMasker outputs.

Identifying actively translated sORFs {#SEC2-8}
-------------------------------------

The actively translated sORFs were determined by RibORF ([@B34]), which combines alignment of ribosomal A-sites, three-nucleotide periodicity and uniformity across codons. Only those sORFs longer than 6 aa with a start codon followed by an in-frame stop codon within the lincRNA transcripts, high percentage of maximum entropy (PME \> 0.6) and predicted probability \> 0.5, were defined as actively translated regions.

Mass spectrometry data analysis {#SEC2-9}
-------------------------------

A large-scale proteome data through SWATH MS-based experiments using pan-human library was obtained from the PRIDE database with accession number PXD000953 ([@B35]). All MS data were analyzed using Mascot (v2.3.0) against a custom-made database, combining sequences from UniProt with sequences derived from lincRNA transcripts, using carbamidomethyl as a fixed modification, oxidation as a variable modification, mass tolerance of 50 ppm (precursor ion) and 0.1 Da (fragment ion). After peptide searching, peptide hits were filtered at the 1% false discovery rate (FDR) level using the target-decoy strategy.

Cell-type specificity analysis {#SEC2-10}
------------------------------

For each lincRNA, its transcriptional or translational specificity was determined byτindex ([@B36]) as follows: $$\documentclass[12pt]{minimal}
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where n represents the number of cell lines and x~i~ represents the FPKM value of the lincRNA in the ith cell line. It varies on a scale from 0 to 1, with 0 indicating to be ubiquitous and 1 indicating to be specific.

Differential translation analysis {#SEC2-11}
---------------------------------

The DESeq2 package ([@B37]) was used to detect lincRNAs with changes in the translational and transcriptional levels between different cell lines. Only those lincRNAs with at least two-fold change and *P*-value \< 0.05 after Benjamini--Hochberg correction for multiple testing were determined to be significantly differentiated. To determine the relationship of translational and transcriptional regulation, we adopted a strategy previously used ([@B38]), where differential lincRNAs were classified into three categories: (i) lincRNA~ribo_unique~, defined as those exhibiting significant differences in translational but not transcriptional level; (ii) lincRNA~both~, defined as those exhibiting significant differences in both transcriptional and translational levels; and (iii) lincRNA~RNA_unique~, defined as those exhibiting significant differences in transcriptional but not translational level.

Inferring putative biological functions of lincRNAs {#SEC2-12}
---------------------------------------------------

For each lincRNA, correlation of expression between the lincRNA and protein-coding genes across all samples were measured using Pearson\'s correlation coefficient. Significant correlation of lincRNA and protein-coding genes were determined for pairs having a *P*-value below 0.05 after Benjamini--Hochberg correction for multiple testing. All 825 gene ontology (GO) sets, retrieved from the C5_BP collection of Molecular Signatures Database (MSigDB, v5.1) ([@B39]), were tested for over-representation of its co-expressed protein-coding genes. Only those GO terms with adjusted *P*-value by FDR below 0.05 were determined to be statistically significant.

Calculating translational efficiency {#SEC2-13}
------------------------------------

Translational efficiency for each lincRNA was calculated as the ratio of normalized read density (FPKM) of ribosome profiling over normalized read density (FPKM) of RNA-seq ([@B14]).

Determining degree of overlapping {#SEC2-14}
---------------------------------

The degree of overlap between lincRNAs was measured based on the Jaccard coefficient (JC) between sets of enriched GO terms, as follows: $$\documentclass[12pt]{minimal}
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where x and y represent two different sets of GO terms. It varies on a scale from 0 to 1, with 0 indicating no overlap and 1 indicating complete overlap.

Measuring functional similarity {#SEC2-15}
-------------------------------

The functional similarity between lincRNAs was measured based on the semantic similarity between sets of enriched GO terms. For any given pair of lincRNAs, their functional similarity was calculated using the bioconductor package, GOSemSim, with Wang\'s method ([@B40]).

RESULTS {#SEC3}
=======

Identification of lincRNAs with ribosome occupancy by ribosome profiling {#SEC3-1}
------------------------------------------------------------------------

To systematically characterize lincRNAs with ribosome occupancy, we retrieved all the human ribosome profiling data from the SRA database ([@B30]). We adopted four filtering criteria to select datasets, where only those meeting all of the following criteria were considered for further analysis: (i) they included parallel RNA-seq and ribosome profiling measurements; (ii) they were vehicle-treated or served as controls in the experiments; (iii) these experiments had biological replicates with high degree of reproducibility, where correlation coefficient of replicates is at least 0.9 ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}); (iv) the peak of the footprint size distribution of ribosome profiling reads ranged between 29 and 32 bp ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Finally, eight different human cell lines were included in this study, including three cancer cells (HeLa, PC3 and U2OS), one cancer-stem like cell (HEK293T), one assimilated cell (LCL) and three primary/embryonic cells (BJ, hES and RPE) (Table [1](#tbl1){ref-type="table"}).

A consensus analysis workflow was applied to all samples. LincRNAs with low expression levels were excluded from subsequent analysis (see 'Materials and Methods' section for details). Since previous studies have shown that some sequencing reads from ribosome profiling experiments could originate from aspecific ribosome binding ([@B17],[@B41]). Therefore, only those lincRNAs being actively translated by the ribosomes are defined as ribo-lincRNAs, where ribosome occupancy must (i) show three-nucleotide periodicity, and (ii) be relatively evenly distributed, measured by PME. The PME value that reflects the degree of localization of sequence reads was used to further distinguish true protected RNA regions by the ribosomes from aspecific ribosome binding, as suggested by a recent publication ([@B42]). After filtration, a total of 4709 annotated lincRNAs were transcribed detectably in at least one cell line, of which 1332 showed ribosome occupancy ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Separately for each cell line, the number of ribo-lincRNAs ranged from 113 (BJ) to 561 (U2OS), although the majority of well-transcribed lincRNAs did not show ribosome occupancy (Figure [1A](#F1){ref-type="fig"}). Notably, some well-characterized lincRNAs such as '*MALAT1*', '*NEAT1*' and '*PVT1*' showed obvious occupancy in Ribo-seq data from multiple cell lines.

![General characteristics of lincRNAs and protein-coding genes. (**A**) Percentage of lincRNAs occupied by ribosomes in each cell line. The number of ribo-lincRNAs for each cell line is given at the top of each bar. (**B**) Density plots of the expression levels; (**C**) Box-and-whisker plots of transcript lengths; (**D**) Distributions of exon numbers; (**E**) Cumulative distribution plots of minimum free energy; (**F**) Violin plots of the base-wise conservation fraction; (**G**) Distributions of TE-derived sequences in exons; (**H**) Distributions of GC-content. Error bars represent interquartile range; (**I**) Fractions of transcripts containing polyA features, shown here for a representative cell line (HeLa). To avoid duplication of presentation, other cell lines are shown in [Supplementary Figures S3--8](#sup1){ref-type="supplementary-material"} and [Tables S2--8](#sup1){ref-type="supplementary-material"}.](gkw909fig1){#F1}

LincRNAs with ribosome occupancy exhibit relatively high expression and apparent cytoplasmic localization {#SEC3-2}
---------------------------------------------------------------------------------------------------------

We compared the expression patterns of ribo-lincRNAs, nonribo-lincRNAs and protein-coding genes. In agreement with previous findings ([@B43],[@B44]), lincRNAs were generally expressed at lower levels than protein-coding genes (Figure [1B](#F1){ref-type="fig"}). However, ribo-lincRNAs showed significantly higher expression than nonribo-lincRNAs, with at least 1.75-fold increase in the median expression levels (Mann--Whitney U test, *P*-value \< 2.2e-16). Interestingly, many ribo-lincRNAs seemed to have a tendency to resemble protein-coding genes regarding expression pattern. The same trends were observed in all the eight cell lines ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"} and [Table S2](#sup1){ref-type="supplementary-material"}), which is highly unlikely to happen by random chance (Binomial test, *P*-value \< 1.0e-22), indicating that it is a general property of ribo-lincRNAs having higher expression levels than nonribo-lincRNAs. Notably, distinct expression patterns between ribo-lincRNAs and nonribo-lincRNAs may reflect differences in spatial and temporal regulation paradigms.

Based on the nuclear and cytoplasmic RNA-seq data from the ENCODE, we further examined the subcellular localization of these two classes of lincRNAs. Among the subset of lincRNAs for which subcellular localization could be determined in the HeLa cell line, ribo-lincRNAs were significantly enriched in the cytoplasm (Fisher\'s exact test, *P*-value = 9.7e-05). Although nonribo-lincRNAs were not enriched in the nuclear or cytoplasm, they showed significantly higher nuclear-cytoplasmic ratios compared to ribo-lincRNAs (Mann--Whitney U test, *P*-value = 0.0032), suggesting that nonribo-lincRNAs tend to localize in the nucleus. The similar results were observed for the LCL cell line, with a significant enrichment in the cytoplasm for ribo-lincRNAs (Fisher\'s exact test, *P*-value = 7.4e-05) and a tendency toward the nuclear localization for nonribo-lincRNAs (Mann--Whitney U test, *P*-value = 0.0003; [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). These results provided further evidence for accessibility of ribo-lincRNAs to the translation machinery.

LincRNAs with ribosome occupancy exhibit increasing structural complexity {#SEC3-3}
-------------------------------------------------------------------------

We next investigated whether there are inherent differences between ribo-lincRNAs and nonribo-lincRNAs in several genomic structural features. In contrast to protein-coding genes, lincRNAs generally showed shorter transcript length and fewer exons (Figure [1C](#F1){ref-type="fig"}). Compared to nonribo-lincRNAs, ribo-lincRNAs had significantly longer transcript length, with at least 1.55-fold increase in the median length (Mann--Whitney U test, *P*-value \< 1.2e-03). In addition, as shown in Figure [1D](#F1){ref-type="fig"}, ribo-lincRNAs had significantly more exons, with at least 1.50-fold increase in the median number of exons (Mann--Whitney U test, *P*-value \< 2.6e-09). Remarkably, the significance of structural differences was observed in all the eight cell lines ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"} and [Table S3](#sup1){ref-type="supplementary-material"}). Overall, these results suggested that lincRNAs with ribosome occupancy have potentials to fold into complex shapes and may provide greater versatility in target recognition. As expected, ribo-lincRNAs were further observed to have significantly lower minimum folding free energy than nonribo-lincRNAs in at least seven out of eight cell lines (Kolmogorov--Smirnov test, *P*-value \< 0.05; [Supplementary Figure S6 and Table S4](#sup1){ref-type="supplementary-material"}), indicated by the left shifts in cumulative distributions (Figure [1E](#F1){ref-type="fig"}). This result demonstrated that lincRNAs with ribosome occupancy are likely to be more structured.

LincRNAs with ribosome occupancy exhibit elevated evolutionary conservation {#SEC3-4}
---------------------------------------------------------------------------

Evolutionary feature has been widely used as an indicator of the functional significance. LincRNAs with important molecular functions are likely subject to selective pressure ([@B17]). We therefore examined the extent of evolutionary conservation of ribo-lincRNAs and nonribo-lincRNAs, based on base-wise conservation scores across 100 vertebrates calculated by PhyloP ([@B33]). As shown in Figure [1F](#F1){ref-type="fig"}, we observed that lincRNAs were generally less conserved than protein-coding genes in all the eight cell lines (Mann--Whitney U test, *P*-value \< 2.2e-16), consistent with previous findings ([@B44],[@B45]). However, in contrast to nonribo-lincRNAs, ribo-lincRNAs showed higher levels of evolutionary conservation. Statistically significant differences were observed in six out of eight cell lines (Mann--Whitney U test, *P*-value \< 0.05; [Supplementary Figure S7](#sup1){ref-type="supplementary-material"} and [Table S5](#sup1){ref-type="supplementary-material"}), which is unlikely to occur by random chance (Binomial test, *P*-value \< 0.05). Higher evolutionary conservation of ribo-lincRNAs may imply their relevance to biological functions that are providing high structural constraints under natural selection pressure. This relevance was further evidenced by TEs that are a major factor driving lincRNA evolution and biological function ([@B46]--[@B48]), as shown in the next section.

LincRNAs with ribosome occupancy exhibit discernible genomic features {#SEC3-5}
---------------------------------------------------------------------

We next characterized the TE composition and GC-content of lincRNAs. As shown in Figure [1G](#F1){ref-type="fig"}, we observed significant depletion of TE-derived sequences in ribo-lincRNAs compared to nonribo-lincRNAs (Mann--Whitney U test, *P*-value \< 2.0e-03). Interestingly, Alu elements were also significantly depleted from ribo-lincRNAs in all the eight cell lines (Mann--Whitney U test, *P*-value \< 0.05; [Supplementary Figure S8A and Table S6](#sup1){ref-type="supplementary-material"}). Given that protein-coding genes were severely depleted for TEs ([@B48]), this observation provided evidence that some lincRNAs may function through encoded products. Also, ribo-lincRNAs generally exhibited higher GC-content than nonribo-lincRNAs (Mann--Whitney U test, *P*-value \< 0.05; Figure [1H](#F1){ref-type="fig"}), except for the BJ and RPE, with marginal significance for the hES and PC3, although lincRNAs typically had lower GC-content than protein-coding genes (Mann--Whitney U test, *P*-value \< 3.5e-11; [Supplementary Figure S8B and Table S7](#sup1){ref-type="supplementary-material"}). This explained the rationale behind the consensus lower minimum folding free energy of ribo-lincRNAs, considering that RNA sequences with high GC-content often fold into low-energy structures. Beyond these characteristics, the factor influencing ribosome engagement, such as 3΄ polyadenylation, was further examined. Taking advantage of poly(A) features manually annotated by HAVANA, we observed that lincRNA, especially for ribo-lincRNAs, were significantly less polyadenylated than protein-coding genes (Figure [1I](#F1){ref-type="fig"}). Interestingly, polyadenylation could also distinguish ribo-lincRNAs from nonribo-lincRNAs, with statistically significant differences in at least six out of of eight cell lines (Fisher\'s exact test, *P*-value \< 0.05; [Supplementary Figure S8C and Table S8](#sup1){ref-type="supplementary-material"}). Taken together, these analyses showed disparity between these two classes of lincRNAs, demonstrating the resolving power of the genomic features to lincRNAs with and without ribosome occupancy.

Coding potential of lincRNAs with ribosome occupancy {#SEC3-6}
----------------------------------------------------

We next asked whether ribo-lincRNAs have the potential to encode peptides. To this end, we first examined possible products of ribo-lincRNAs in all three frames and scanned each of them against databases of UniProt protein sequences and Pfam protein domains using blastp ([@B49]) and hmmscan ([@B50]). In total, 334 ribo-lincRNAs were found to contain regions with homology to known proteins or domains, showing evidence of protein-coding potential. Given the recent evidence emerging on functional peptides derived from sORFs, we then systematically searched translatable sORFs in ribo-lincRNAs using RibORF ([@B34]). Applying rigorous filtering criteria (see 'Materials and Methods' section for details), we identified translatable sORFs for 233 out of 1332 ribo-lincRNAs ([Supplementary Table S9](#sup1){ref-type="supplementary-material"}). Notably, although sORFs were presented in only a subset of ribo-lincRNAs, many of these had multiple footprints found in multiple cell lines (Figure [2A](#F2){ref-type="fig"}), indicating active translation and putatively functional significance.

![Peptide-coding potential assessment for sORFs in lincRNAs. (**A**) An example of ribosome footprint profiles on the SNHG8 transcript. The exon structure is shown with gray rectangles on the right side of the arrow. sORFs are shown with rectangles in dark red and initiation sites are indicated by thin lines. (**B**) Evolutionary conservation of ribo-lincRNAs containing-sORFs with peptide evidence and those without peptide evidence. (**C**) Expression behaviors of lincRNAs with sORFs and short protein-coding genes (\<100 aa), shown here for a representative cell line (HeLa). Other cell lines are shown in [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}.](gkw909fig2){#F2}

Next we further sought to determine whether the peptide products emanating from lincRNAs could be detected by mass spectrometry. Integrative analysis with human proteomic data from the PRIDE database revealed peptide evidence for 18 out of those ribo-lincRNAs containing sORFs ([Supplementary Table S10](#sup1){ref-type="supplementary-material"}). Notably, although several lincRNAs such as 'ENST00000445430', 'ENST00000626089' and 'ENST00000628917' showed peptide evidence in multiple cell lines, it was difficult to distinguish them to pseudogene 'SDHAP2' as well as protein-coding gene 'SDHA' due to sharing the same peptides together into one protein group. Here we further explored several possibilities that may explain this low validation by mass spectrometry. First, ribo-lincRNAs with peptide evidence were found to have stronger conservation than those without peptide evidence (Student\'s *t*-test, *P*-value = 0.0155; Figure [2B](#F2){ref-type="fig"}). Given that higher levels of sequence conservation generally lead to stabilization of proteins ([@B51]), this finding suggested that the majority of ribo-lincRNAs having lower conservation are less likely to produce stable peptides. Second, ribo-lincRNAs with sORFs were generally expressed at much lower levels than short protein-coding genes (\<100 aa) in at least seven out of the eight cell lines (Figure [2C](#F2){ref-type="fig"} and [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). This finding suggested that even though ribo-lincRNAs have the ability to generate peptides, peptide products will escape detection due to their low abundance. Taken together, these results provided further evidence that lincRNAs with ribosome occupancy can encode peptides, although not all translation events will produce stable peptides.

Characterization of cell-type specific translation pattern {#SEC3-7}
----------------------------------------------------------

Several previous studies have shown that lincRNAs exhibit notably higher degree of cell-type specificity than protein coding genes at the transcriptional level ([@B28],[@B29]). We next asked to what extent lincRNAs show cell-type specificity at the translational level. We also assessed whether the degree of specificity differs between the translational and transcriptional levels.

For each cell line, on average, 21% of well-transcribed lincRNAs exhibited ribosome occupancy, with a minimum of 9% for the BJ and a maximum of 31% for the U2OS. However, among those ribo-lincRNAs, only 1.42% (19 lincRNAs) were commonly found in all the eight cell lines, in contrast to more than 53% (710 lincRNAs) were uniquely found in only one cell line (Figure [3A](#F3){ref-type="fig"}). Of these ribo-lincRNAs showing unique occupancy in a single cell line, nearly two-thirds were well expressed in multiple cell lines ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). This is more likely to reflect a potential pattern of ribosome-mediated translational specificity rather than an aftereffect of transcriptional specificity. We further determined their cell-type specificity by usingτindex ([@B36]), and found that ribo-lincRNAs had significantly higher cell-type specificity at the translational level than the transcriptional level (Mann--Whitney U test, *P*-value \< 2.2e-16; Figure [3B](#F3){ref-type="fig"}). Because these data from eight cell lines were retrieved from different studies, we asked whether the cell-type specificity was confounded by possible technical batch effects ([@B52]). We considered different studies as a surrogate and used F-statistic to test association by stratifying measurements by the surrogate. Under 5% of FDR control level, no lincRNA was found with susceptibility to the technical batch effects, confirming our findings.

![Translation pattern of lincRNAs in human cell lines. (**A**) Overlap of the number of ribo-lincRNAs in different cell lines. (**B**) Cell-type specificity of ribo-lincRNAs at the translational and transcriptional levels, measured by usingτindex. (**C**) Overall translational efficiencies of ribo-lincRNAs in different cell lines. (**D**) Translational efficiencies of overlapping ribo-lincRNAs ([@B19]) in each cell line. The eight cell lines are divided into two types: cancerous and non-cancerous, as shown by the dotted line.](gkw909fig3){#F3}

We next examined the translational efficiency of well transcribed-lincRNAs in each cell line. As shown in Figure [3C](#F3){ref-type="fig"}, the majority (\>60%) of lincRNAs exhibited relatively low levels of translational efficiency (\<1) and different cell types exhibited distinct translational efficiency, showing striking differences in the distributions of translational efficiency among all pairwise comparisons between the eight cell lines (Kolmogorov--Smirnov test, *P*-value \< 7.5e-03). Even if only focusing on those overlapping ribo-lincRNAs among the eight cell lines, we still observed inter-cell type differences in the translational efficiency (Figure [3D](#F3){ref-type="fig"}), indicating that their relative contribution toward each cell line are obviously different. Distinct translational efficiency may also reflect differences in flexibility of translation versus transcription in modulating activity of lincRNAs.

Cell-type specific translation regulation {#SEC3-8}
-----------------------------------------

To understand differences in lincRNA translation between different cell types, we determined the significant changes in lincRNAs translation between all pairwise comparisons of the eight cell lines with the DESeq2 package ([@B37]). Differential lincRNAs were observed among different cell types (Figure [4A](#F4){ref-type="fig"}). The differences between cancerous cell lines were larger than those between cancerous and non-cancerous cell lines, and more larger than those between non-cancerous cell lines (average number of differential lincRNAs of 219, 169 and 113, respectively) (Figure [4B](#F4){ref-type="fig"}). Here HEK293T was classified as a cancerous cell line, considering that it exhibits cancer stem cell-like features ([@B53]). In particular, we identified 527 ribo-lincRNAs, representing 40% of all the ribo-lincRNAs, showing significant translational changes in any cell line when compared to either of other cell lines. The ribo-lincRNAs with significant translational changes had significantly higher translational efficiency than those without significant translational changes (Mann--Whitney U test, *P*-value \< 0.05 except for the BJ; Figure [4C](#F4){ref-type="fig"}). These differential ribo-lincRNAs with greater translational efficiencies suggested increased flexibility of the spectrum of control of translation. These results demonstrated that the widespread differential translation of lincRNAs exists among different cell types, reinforcing inter-cell type differences.

![Scope and characteristics of lincRNAs translation in different cell lines. (**A**) Overlap of differential translation lincRNAs between different cell lines. Notably, 2-fold change and FDR \< 0.05 are used as the determination of differential translation. (**B**) Comparison of average number of differential translation lincRNAs in different cell types. Blue and red colors represent cancerous and non-cancerous cell lines, respectively. (**C**) Translational efficiencies of differential and non-differential translation ribo-lincRNAs in each cell line. (**D**) Scatter plot showing the differences in regulation levels between cancerous and non-cancerous cell lines for different categories of lincRNAs. Red, yellow and blue slopes demonstrate translational regulation for lincRNA~ribo_unique~, lincRNA~both~ and lincRNA~RNA_unique~, respectively.](gkw909fig4){#F4}

In addition, we performed the same differential analysis between cancerous and non-cancerous cell lines, and detected hundreds of significant differential lincRNAs, including 157 lincRNA~ribo_unique~, 141 lincRNA~both~ and 478 lincRNA~RNA_unique~ (see 'Materials and Methods' section for details). We then quantified the global contribution of translational regulation to differences in lincRNA usage by calculating the slope between Ribo-seq and RNA-seq fold changes ([@B38]). As shown in Figure [4D](#F4){ref-type="fig"}, co-occurrence of translational and transcriptional regulation was prevalent in lincRNA~both~, with approximately equal magnitude and the same direction (slope = 0.91), suggesting the coordination of transcription and translation. Different from the coordination pattern in lincRNA~ribo_unique~, lincRNA~both~ and lincRNA~RNA_unique~ showed discordant patterns separately with enhanced translational regulation and transcriptional regulation. Moreover, lincRNA~ribo_unique~ had a significantly higher slope than lincRNA~both~ (Likelihood ratio test, *P*-value \< 3.1e-10) and lincRNA~RNA_unique~ (Likelihood ratio test, *P*-value \< 2.2e-16). Overall, these results demonstrated that translational control is a distinct regulatory system, uncoupled from transcription, shaping the translational landscape.

Functional divergence of lincRNAs across different cell types {#SEC3-9}
-------------------------------------------------------------

To gain further insights into the biological roles of lincRNAs, we computationally inferred their functions by commonly used guilt-by-association analysis, wherein the potential functions of lincRNAs could be predicted from the known protein-coding genes to which they are significantly correlated in expression (FDR \< 0.05). Out of 4709 well-expressed lincRNAs, 944 (20.05%) were assigned biological functions (FDR \< 0.05), including 254 ribo-lincRNAs and 690 nonribo-lincRNAs. Among those enriched GO terms, more than 30% ([@B54]) were associated with \<6 lincRNAs (Figure [5A](#F5){ref-type="fig"}). In contrast, more than 29% ([@B55]) were associated with more than 100 lincRNAs and those GO terms primarily participated in some fundamental biological functions (Figure [5B](#F5){ref-type="fig"}), including those involved in cellular metabolism, gene regulation, response to stimulus and signal transduction. Interestingly, on average, 18% ribo-lincRNAs in each cell line had functional annotations, as opposed to only 12% for nonribo-lincRNAs, indicating that lincRNAs with ribosome occupancy tend to be functional. However, further analysis revealed generally higher levels of functional overlap among nonribo-lincRNAs than among ribo-lincRNAs (mean JC of 0.80 versus 0.63), suggesting functional convergence among nonribo-lincRNAs (Figure [5C](#F5){ref-type="fig"}). The GO-based semantic similarity analysis showed that five out of eight cell lines had similar degrees of functional overlap between ribo-lincRNAs and nonribo-lincRNAs, while BJ showed relatively lower degree of functional overlap and HEK293T and LCL had higher degrees (Figure [5D](#F5){ref-type="fig"}). Moreover, different cell types also exhibited functional divergence in lincRNAs with ribosome occupancy. The functional overlap between cancerous cell lines were higher than those between cancerous and non-cancerous cell lines, and more higher than those between non-cancerous cell lines (mean JC of 0.70, 0.63 and 0.50, respectively). Taken together, these results indicated the existence of functional differences not only between lincRNAs with and without ribosome occupancy but also between different cell types.

![Characterization and functional features of lincRNAs. (**A**) Distribution of occurrences of the significant GO terms assigned to the well-expressed lincRNAs. (**B**) Major functional categories associated with multiple lincRNAs (more than 100). Complete list of functional categories is shown in [Supplementary Table S11](#sup1){ref-type="supplementary-material"}. (**C**) The functional overlap maps for ribo-lincRNAs and nonribo-lincRNAs. Red, blue and white colors represent the overlap of GO terms among ribo-lincRNAs, among nonribo-lincRNAs and between ribo-lincRNAs and nonribo-lincRNAs, respectively. (**D**) Functional similarity between ribo-lincRNAs and nonribo-lincRNAs in each cell line, measured by using GO semantic similarity.](gkw909fig5){#F5}

DISCUSSION {#SEC4}
==========

Ribosome profiling allows direct measurements of the RNA fragments protected by ribosomes and quantitative readouts of the regions being translated ([@B12],[@B13]). The discovery of non-canonical translation events on lincRNAs by ribosome profiling suggests that different lincRNAs may employ radically different mechanisms of action ([@B56]). In this study, our integrative analysis of ribosome profiling, RNA-seq and mass spectrometry data reveals distinctive properties of lincRNAs with and without ribosome occupancy regarding their expression, structure, sequence, evolutionary and functional features. Further comparative analysis of lincRNAs with ribosome occupancy in different cell types reveals that they exhibit a high degree of cell-type specificity with differential translational repertoires. To our knowledge, this is the first attempt to characterize global and cell-type specific properties of translational landscape of lincRNAs in human cells.

Compared to those without ribosome occupancy, lincRNAs with ribosome occupancy generally tend to be expressed at higher levels, to have multi-exonic structures and to exhibit stronger sequence conservation. Increasing structural complexity may not only enhance the capacity for adaptability and versatility but also enhance their stability, as further demonstrated by relatively low folding free energy and high GC-content. Preferential cytoplasmic localization leads to increased availability of the translation machinery. Meanwhile, the question of which of the potential lincRNAs are actually translated, to some extent, can be reduced to the question of the extent to which cytoplasmic lincRNAs are translated. Elevated evolutionary conservation may further endow them with functional constraints. A depletion of TE content in lincRNAs with ribosome occupancy is also consistent with constraint in the evolution. All such properties have begun to shed light on which lincRNAs are translated.

It should be noted that nonribo-lincRNAs had higher levels of polyadenylation than ribo-lincRNAs, which is somewhat surprising. Several previous studies have also shown that a significant fraction of the nucleus-localized lncRNAs are stable transcripts and are spliced and polyadenylated ([@B44],[@B57],[@B55]). Consistent with this, we also observe that polyadenylated lincRNAs exhibited higher stability than those non-polyadenylated lincRNAs by analyzing minimal free energy (Mann--Whitney U test, all *P*-values \< 0.05 for all the eight cell lines). Thus, one possible reason that many nonribo-lincRNAs are polyadenylated is that they are likely to be stable and passively retained in the nucleus, which prevents them from accessing the cytoplasmic translation machinery.

Although more ribo-lincRNAs resemble protein-coding genes than nonribo-lincRNAs in several features, they are clearly different from protein-coding genes, hinting that they may act as intermediary entities between canonical coding and bona fide non-coding. This possibility can be supported by several lines of evidence: (i) lincRNAs can be translated but in a non-canonical mode ([@B17]--[@B20]); (ii) the encoded products are generally unstable and rapidly degraded ([@B34],[@B58]); and (iii) at least some products encoded by sORFs, if not all, can exist in stable functional micro-peptides ([@B21],[@B22]). It has also been proposed that these lincRNAs may act as bifunctional RNAs that are generally non-coding, but under specific circumstances, enclosed sORFs can be translated ([@B54],[@B59]--[@B61]). Therefore, even though some lincRNAs appear translated in ribosome profiling data, they are usually largely invisible in mass spectrometry ([@B18],[@B20],[@B62]--[@B65]). Nevertheless, the discovery of sORFs and their encoded micropeptides has made a significant step toward our understanding of lincRNA genes. The discovery of functionally verified micropeptides such as 'MRLN' ([@B21]) and 'DWORF' ([@B22]) further emphasizes the functional potential of lincRNA translation.

Many lincRNAs, unlike canonical protein coding-genes, do not have a predominant ORF that is translated instead they often contain multiple sORFs with more dispersed translation ([@B15]). A finding common to many recent ribosome profiling studies is the widespread use of non-canonical initiation sites, such as non-AUG start codons ([@B66],[@B67]). For some other initiation events of lincRNAs, the apparent elevation of non-canonical translation, under various extracellular cues like stress stimuli, will advance our understanding. Moreover, micro-peptides encoded by sORFs are often deemed to lack an N-terminal signal sequence and released into the cytoplasm immediately after translation. They may exert distinct molecular functions from those of the secreted small peptides that are translated as large precursors with signal sequences at the N-terminus and then translocated into the secretory machinery, where they undergo extensive modification or processing, eventually becoming bioactive peptides ([@B68],[@B69]).

To date, the translatome of lincRNAs in various cell types remains poorly understood. Our comparative analysis reveals that the translated lincRNAs have higher cell-type specificity at the translational level than the transcriptional level. Different cell types possess different lincRNA profiles and exhibit different fractions of translated lincRNAs. In particular, cancerous cell lines tend to have a higher translated fraction than non-cancerous cell lines (mean fraction of 23 versus 18%). Cancerous cell lines also tend to have relatively higher median translational efficiency than non-cancerous cell lines (see Figure [3D](#F3){ref-type="fig"}). Remarkably, the observation of discordance in the translational efficiency between different cell types suggests the existence of extensive cellular controls, such as post-transcriptional and translational regulations. Indeed, extensive differential translated lincRNAs are observed among different cell types. In particular, the translational differences between cancerous cell lines are more severe than those between non-cancerous cell lines (see Figure [4B](#F4){ref-type="fig"}). All such disparities in the translational repertoire are more likely to reflect the inherent biological differences between different cell types. Cell type-specific properties of lincRNAs may be used for both potential biomarkers and therapeutic targets ([@B5]). An appreciation of the roles of translated lincRNAs will offer new avenues of research into translational regulatory mechanisms and development of therapeutic interventions by either mimicking their functions or inhibiting their activities.

Functional analysis further provides a glimpse into the potential functions of lincRNAs with ribosome occupancy. They are found to participate in diverse biological processes, ranging from cellular metabolism to cellular signalling. Different cell types exhibit functional divergence. LincRNAs with ribosome occupancy from cancerous cell lines generally share more functions than those from non-cancerous cell lines (mean JC of 0.70 versus 0.50). Although our computational analysis based on ribosome profiling may provide important hints into functionality of translation in lincRNAs, it is still unclear to what extent these lincRNAs are of functional importance. Additionally, it should be noted that despite the guilt-by-association strategy is frequently used for inferring potential functions of lincRNAs ([@B28],[@B43],[@B70]), determination of the precise function of lincRNAs and experimental validation still remain challenging.

In conclusion, our results highlight that translation of lincRNAs has clear molecular, evolutionary and functional implications. Also, translated lincRNAs show remarkable cell-type specificity at the translational level with different translational repertoires. This study will facilitate better understanding of lincRNA functions. Future work will be needed to distinguish functional and non-functional peptides encoded by lincRNAs and to determine the precise roles of bioactive peptides originating from lincRNAs.
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